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0il-flow photogranns sud shadovrrenhs vere obteined of the ficw
1= Lo stuay the irntaraction

zver. ‘Tne shock wave was

——r ]

fiection angles on the

cf = shock wave with

ol

generated by a wedge wmounted a2t vericus d
bypass plate.

o

Deflection angle at which the boundary layer on the plate
~=mgrated from the surface was found to vary depending upor the criterie

wew o0 define the angle.
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by its motion through the gir. This shock remoins Zived relzt
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the ©oly il The velocity is counstanms. I% stazds chesd of blunt shepes
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put mzy e atiached T0 pointsd shares. For g wvedge with & 107 apex

is atlacied ©o the leaGing edze. Thils shock is straisghit, and behind

it Tze Zlow cousists of waiform streams marcllel to the wedze faces.

Q2 -7 = = b S S P W PP [P S B L O R - |
Since Toe ITICOWs 2bOVE &nrd below The welze ere lodeperient, the Plow
e - 3 SR -~ o -
over tze surlzces of incliined vedges can be considered semarately.

o3

Woen the lower surface of the wedge is eligned with toe Fiow
direction, the flow on this side of the wedge is undisturbed znd there

is no skock. 45 the lower swiace is inclined to the flow & zhoek

- - £ o - - = ey - s - . -y
wave is formed at the le SLGIlLE eCzZe. +2€& CCLpression causinz taoe

SO That tine shock intensity or strengih is increased.

For this 10° wedge, when the deflection angle of itie lower surface
(8, shown in fig. 1) is less tonan 10° there will be a shock formed
on the upper surface which will decrease in intensity s 8. incresses.

(8L is used es a reference only becsuse of convenience.) At Oy = 10°

the upper surfece will be sligned with the flow ard there is no
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disturtnace. For volues of Oy greoter than 107 the flow expands
around the lzading edze of tae vedge onto the upper surface.

When air is flowing with & given velocity over a surface, the zir

‘because of its viscosity tends to eéhere to the surface. Thils means

that frictional forces retard the moticn of the gir iz a thin layer
reer the surfece. Thls loyer s czlled the counlary layer azd the

veleoelly of the zir izncresses Irom zero at The surface Lo & value

~ich corresponds to the external frictionless flow. In some cases

the thickness of boundary oy 7. ie3 considersbly in the Cown-
strean direction, aund the fliow ia {he bouzndary lsyer becoxss reversed.

Tails causes the decelerated wsoriicles of sir 10 be Porced ocutside the

surface, Or in otaer wWords boandary-lioyer separztion hzs occurred. The
flow iz the bounfary leyer mzy be either laminer or iurdulent. Ik a
lzminer boundery layer the air moves smocthly in layers or larina
waich siip over one snother while in & turbulent boundery leyer the

fiow has aan irreguler, eddying or Flucituating neture.

-

¥Many situstions srise in wioich the inte

A ]

secticn of boundery
ieyers with shock waves is of Dractical importunce. Such inlercctiocss
oceur at Transonic end supersonic speeds cover wing surfaces, at the
Juncture of the wing ard fuselage, near deflected coutrols and in
many other cases.

Tne interaction of & shock wave end a turbulent boundary lasyer
ray be divided imto two narts: (1) the cuse where tne chanze in flow
direction throusn the shock wave is im a plone normal to the surface

on which the boundary layer is Deing studied; and (2) the case where
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O SUriace under suudy.
Ly A inted with t Dot Amca Fotra Ao eI IR A
Lae Drobvliems assocrated wita Lhe I2irst cose Live seen the sub

of a normal shock wave with the wurpvulent boundery leyer om the flat

. . = 5 ez o2
wall of & supersonic Tunznel. Xepler and Zogdonofs

studied tie
seperation of the Turbulent boundary layer and the associlated shoci-
wave pavliern czused by the fiow over =z two-Gimeasional step. (z44,
Holder, and Regan3 investigated the interaction cetweer the poundsry
layer on a flat plate and & shock wave produced either externclly, by
vy & wedge zeld in contact with the plste. Gadd and Eolder
some oOf the mOre receat work in these crecs. Ia genersl, these and
other inveétigations nave shown that the flow is very dewvezdent upon
snetner the boundery layer is lemirar or turbulent snd, if lamirar
initislly, waelher or not transition to turbulent flow occﬁrs within
toe region of interaction. Taoe sepzration of the ooundary layver from
the surfoce chead of the shock, the conditions uzéer which this
sepzration occurs, end the behavior of the seperated boundary layer
were found TO be imporiant in explaining the éifferences petween the
interactions observed with leminsr a«nd turbulent boundary layers.
Reshotko and Tucker? heve shown theoretically, and verified with

availzble experimentzl data, that the pressure rise escross a shock

is a significant factor in the separation of a turbulent bourndary layer.

This pressure rise is a funciion of the local Mach nuxber outside the

poundary laoyer =nd shead of the shock.

&

©of numerous investigations. Fige and Sargentt excmined the interacticn

& wedge in the supersonic mainsiresm, or from within the bouncary izyer,




The vroblems arising from cace Two have been less extensively

studied. This type of interzcilion is called “glancing interaction®

by Stenbrookx® who hes studie

£

the phencmenza to grovide informstion
on the pressure rise across & shock suificlesnt to cause in2 bourndary
lsyer to separate from the surface and o nrovide izlormziion oa
the type of flow which occurs under thase conditions.

The object of this investisztion was 1o cbiain oil-flow vhoio-
graphs and shadowgrephs of the flow alonz the surfance of a plate
wving shocks o IZncwn intensities in order

- . - [ JPURE . O - e - . 2 4% - e o b R P
oo swudy the interncvioz of the shock wave with z turoulent Louuscy

plate was used 10 generate the flow Fields. Ieflection srole varied

from 0° to 20° in 50 increnents. The interection of the shock wave
from the wedge with the turbulent boundsry lsyer on the dbypess pnlate

is the szme type (glancing inmteraction) as that studied by SZSQO”OOKO
Deflection engle for boundery-layer separaticn was found to depend
uncn the criteria used to defirne the angle. Oze of the values cbtained
for tae deflection angle for separation irdicated that the phenomena

essocisted witnh the Two Types of shock wave turtulent vourniary-layer

interaction may be the saume.




EAPTER I

SOATTIA T IO AT T
EXPERIVINTAL PROCEDURE

Descrivnticn of test setuvn.- This Iavestization was cornducied

at a Mzch pumber of 2.01 in the lanzley 4= oy 4-fcot sumersczic funnel

which hes provisions for the control of the pressure, Termperature,

and humidity of {the exnclosed air. The reference pressure For celcula-
P

v..i2o 15 the Tunnel stegnation pressure {the pressure TeLsurii WO o

locatica in the tunnel vhere the velosilty of the enclosed zir is zero).
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velocity, end length andé inversely proporiicrnzl o the viscosity of
the air, is uwsuclly based on some characteristic length of the rodel

being tested. In this investigation there is no particular character-

istic lengih upoan which ToO base Reynolds auriber so Reynolds nmuxber per

4 wedge with e 10° gpex arnzle wos rounted on the boundary-layer
oypess plote which is loczted wbout 10 inches from the tunnel side wsll.
& strip of carborundum grains was plzced parellel to the leading edge
of the bypass plate to irsure thet the boundsry layer oa the nlate was
turbulent. Figure 1 shows & schematic drawing of the test setup.

Oil-Tlow photographs and shadowgrephs were oObtezined for vedge deflection
anzles of 0° o 20° &% tunnel stagnation pressures of 1200 ernd 2400 pounds

. ver scuare foot zbsolute. These pressures correspoad to Reynolds nuxvers

(&2
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oot of 2 X 10° and & X 20°, respectively. The cemera was located

13
H

utside the tunvel, below end shead of tne moGel, in orcer to obiain

the shadowgraphs. Both tyoves of shotogrephs were obtzined at the same
camera position with e lems aperiure of £-16. Exposure time was O seconds
for <The oil-flow photographs end ;/2 secozd for the shadowgrsphs using

Kodek Tri-X pan fiim.

(@
}.Jc

1 film techmicue.- The oil £ilm technizue used during thi

N

investigation consists of coating a model surfeoce with & fluorescent

oil and observiang the oll under uwitrazviolet light. During & test,

= < = - 3 = N .~ S T PN - £ R it S
v... girflow sweens the oil zlonz the surizace, sG that the 0il Levelops

& pattern of siristicsos Iindicaltive of the IZicw conditions oun thae

surface. Cenerelly, several coservations may be nade curing the course

Verious types of oil may ve used depending upon the operating
conditions of the wind tunnel. For ithe lzngley 4- by 4-foot supersonic
tuncel, a mixture of three parts of Xavy gear oil No. 6135 and two
tarts kerosene has been found to be The best nixture for tunnel stegna-
tion pressures of about 10 pounds per sqguere inch ebsolute. At higher

sressures & thicker mixture is needed so less kerosene is used.

Similerly, at lower pressures more kerosene is used to obiain a thimner

(f)

mixture. Avproximstely 1 cubic centimeter of fluorescent dye per liter
of oil was edded to supvlement the natural fluorescence of the o0il anéd
Xerosene mixture.

A good source of ultraviclet light is a mercury vepor lamd with
zn ultraviolet filter. For each square foot of mcdel surface erea,

_—

wo 1C0-watlt EZ4 mercury vepor lemps with ultraviolet filters will
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= S 3= L
provide sufficient illuminstion U0 T

=otozrapn the f£iow wohen placed

&

0y

%0 inches from the model. Fore or less light mey be desired for a

varticular test setup and nzy be obizined by adding lemps or varying

the distance from the light source Lo the model.

LR}

With presently cvailable high-speed Jilxs and with proger use

<

of the ultraviolet light source any camerz will produce satislactory

results. A4 filter should be plzced cver the camera lens to gosord

S TTeviileT axmiovisitls Tlo: izt et nifZT rsziionie o czTaris IDD
=t T e 2T A R “r e mAat - e ., TS Y. TT - R
[vzet VLVITRVI0LET &81] c O el ieCTLons. Toe ook Yretien filter
- A 2% - PREIE S
vo.rbers 24 or 2B wiil serve this mursose.

typical exempie of the paltern of striwitions formed by the airilicw
sweeping the oil along the surface. Since the cazerse is below and
shead o0f the wedge the rootl section ajpears further forverd than the
tip section. The large circle visible in the photograph is the

L,

urnteble on which the wedge is mounted so that deflection argle may

ct

se caznged. Toe smaller circles visiple =t other locations sre poll
~eads from moun tingz the bypass plate on the tunnel sidewall. Thae
turnteble end bolt heeds are flush with the suriface of the nlste.
Since the flow over upper surface of the wedge is not mart of this
investigetion only the pattern formed below the wedge in figure 2{e)
will be described. Ahezd of the leading eGge of the root section the

oil has formed a pattern of lines which are parallel to the directioxn

cf the airflow. hen these lines rezch the disturbarce caused by the

o

wedge. Zehind this disturbance the 0il streamlines near the wedge

sedge Geflection, they ere turned away from the wedze. This disturocnce

the leazdinz edge aflects the strezmlines for scme distance below the




hich occurs &t the trailing

G
|8}
Q
<t
19)
[
',.h.
} 3
3
g
o
w®
L
O
(1]
Q
+y
d-.
%)
1]
tt
I_J
2
[¢1]
+,
»

a
i
(&)
B
Q
13
£

eage. The Lending of the 01l strearwlines tehind the wedge is

Sktadowsrenh technioue.- The shadowgraph technique is & convenient

end simple method of making shock waves visible. Rasically the method
depends on the fact that light passing throughk o dersit zdient in
\D
ges (and therefore through a gredient inm the izdex of refraction) is

3

Gerlected in the same way as though it were pessing through a prism.
Perallel light from a smell insense scurce is allowed 1o pass through
the subject and fall directly ca & screen. AT The screen the intensity

of the light is

©

function of the demsily variasiion in the zas througn
which the light has passed. Wnen there is no flow, or when the
deasity varistion is constant after flow res been est lished, there
will be 20 change in illumiration on the screen because each lizht ray

is deflected by the same gsxount. When there is

I

pCsitive varizition

-~ a

n the density gradient the light ray diverges and light intensity on

b

-

the screen is decreased. Conversely, when the veriation in the density

radient is negeltive the light rays coaverge and the intensity is

O"

increased. Sharp shadow images will be produced by rapidly verying
density gradients as through a shock wave.
In this investigation the lizht source was an AHES mercury vapor

lerxp emitting coatinuous light. Toe shedow imsge cast wpon the

I
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205it10n ghecd end below the modal.




et ~ 3
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of the 0il the oil-Flow roitera is still visible. The vertviczl dor

which wartially obscures ihe

w0ck is The snzdow of Tne vertical surnort

in the +tunmnel window. Shadows of various taris of ecuipzert are 2180
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bion are cozcerned with the inter-

The results of this investigeti
ection between the shock wave forred by the lower surfuce of a wedge
z2zie and the bouncary Izyer oa the oynass pisie

neving a 10° apex ung

ounted or gl

on wkhich the wedge is mount

2icw Dhotozrepnns are present

Cil-2ics X

=3 = I .,
deflieccions T cduced b (Y30t

27 3 [ U N a0 Y e\ k3 e Moy roven w4 Y
CelieCilidn anfies (Of; IIlm U IPouza 20 . 1z the phologrzyiis the

girfiow is fZrom lef y As previously stai
below end eshezd of the wedge soO that the root
Torward tharn the tip section. 4t &y = 0° (fig. 2{a)) especially,
ope must De careful not to teke the dark trizngle which

section as the junmction of ine wedge root secition snd the bypess
the vedge and the bysass

nereases this Jjuncition of

tJ
—d
b
ct
®
*
L4
[4)
Q)
b
b

plate is easier o locate.
Since there is no disturbance at the wedge leading edze at

By, = 0° {fig. 2(a)) the flow on the surface of the bypass plate is

to the wedge surface until the trailing edge where the flow

parallel
expards eround the corner of the wedge. At 8y, = 59 (rig. 2{v))
the flow is turned due tc the presence of the shock wave ori ginating

[
[ e
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PRI cdre ~ % e e b o b < 1 S Nt Ye B ot
ot the wedge leadinsz edge. As the deflection engle is increased the

[}

flov is Turned more and wore snarply due Yo the inereasing shock

intensity. ZIehind the chock the flow cutside the sounéary lsyer on

- : ‘-.

ke bypzss plote is parallel ©o the wedsd

-~

of the bypass plute the flow Is 2o longer sarellel 1o the welzs
- ‘ o = 100 = 4 et A mreting Prars th
surface. A% 37 = U (fig. 2{c}} 2 ridge line emansiing fron the

(Tigs. X&) azd 2{e}), respectively) itne ridge lire becomes more

o $ NahT vA 3 S A~ T - -~ e I S et
Gistinet. 3Benrind this ridge line the flow nezr the lealing edce ot

10 is persilel to the ridge lire Lut zt 15° and 20
wurned toward the ridge line.

The shedowgrephs corresponding to tae oil-Ilow wiotogreanis arve
presenved in figure 5. BShock location is indicated oy &n orrow.

the lztent flucrescence of the 0il, the oil-flow stresmlines

ere still visible. From this it is seen that, at &y = 10° <%he shock

and the ridge lizne are very close together but a larger deflec
angles the ridge line is ghead of the shkock.

in order 1o examine the flows more closely, schematic drawings are
wresented in Tigure 4 for the lower surfece. Three lines are shown:

1) the line determined by the initisl ‘urning point of the streamlines;

P

(2) the ridge line; and (3) the shock location. No devistion of the P£low

occurs at dy = 0 (fig. 4{a)). At &ll other deflection angles the
turning point is well ahead of the shock. The ridge line first becomes

visible at 8p = 10° (Zig. 4(c)) very near the shock location srd as




deflecuion angle is increased moves toward the line formed by the

Svenbrook  defines the deflection ezngle gt wiich seraration begins

as the angle at which the oil-flow line from the root leading edse is

0
)
(Y

I
ct
o

.t the same angle as the shock. I this definition is taken as

ct
by
(]
[¢]
&1
'J.
ct
el
e}
}.J

& then separation occurs between &p = 5° ard & = 10°.
This is in quelitetive agreement with Stanbrook's value of 7.5° or 8°.
Since the cdefinition of the deflection anzgle for sezerziicn is

arbitrery, the forward movemeni of the ridge line might have been

tolen as the criteriae for segarction. Thae data of Ffigure 4 would
indicale that some phencmena ccourrel betueen &1, = 10° and o7 = i35
waicn caused the ridge line ©To move fouverd rather suddenly. IF¥ this
2 N -

Torwvard moverent Iis teken es the criteria for the separation arnzie
then the defleciion angle is between 10° and ’50. Czarnecki gnd Lor
their investigation of controls on wings at supersonic speeds found
the deflection angle for separstion 1o be about 13°. Thus the deflection
engle for sevaration determined by the forwsrd moverent of th ridge

iine would be in cualitative agreement with their value.

Szock wave turvulent boundsry-layer interaction near deflected
controls corresponds to the case where the change in Tlow Girection
<hrougn the snock is in a plare normsl to the swrface. The iarger
deflection engle of from 10° to 15° ootained in this investigation of
glancing 1ntc -action beilween & shock wave and a turbulent boundary layer

indicates that the two Types of interaction are sinilar poenomens. The

srzaller éeflection angle for ceparaiion would irdicate the Phenczena are




Gifferent. More infcrmation is nceded to determine the validity of

& - & oy 3 < ~ Eal - -y Pl i -
either definiiticon of defiectiion angle for senaraition.

The Gata obtained at s Reynoids number per foot of 4 X 106 do

(¥

ot indicete eny effect of change in Reyaolds number in the rauge of
=

+this investigation. Accordingly these data are nov presented.




CONCIIISIONs

Deflection angle for separation was found o vary depsndinz upon

- -

the criteria used in defirning the ansle. Using the criteria thot the
ngle at which separation begins is thet &t which the oil-fiow line

fron the leading edge is swept at the same angie as the shock, a

deflection engle between 5° and 1C° is coicined. A deflection angle

between 10° 2rnd 15° is obtsined when the forwerd movement of the ridge
line is used as the criteria.

The lerger deflection engle indicated taat glencing ircteraction is

similar 10 the shock wave turbulent boundary-leyer intersaction occurrin ng
on wing surfeces or near deflected controls. The smzller angle indicated
tze two phenocnzerns are Gifferents.

Yore date av smuller increments in deflection angle in the range
. =0 .. ) =0 R . = . - ~Tn
~rom 57 through 157, alonz with the corresponding pressures on the

oysass plate are needed to deternmine the validity of either definition

£ deflection angle for separation.
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Tunnel wall

Transition sirip

Support struils -——-7
\

Rotating turntables —

Support strut

-Bypass picie

Figure l.- Schematic cdrawing of test setup.




(a) &g =0°.
Figure 2.- Oil-f_low photographs.
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Figure 2.- Continued.
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(a) 8p=0°

Figure 3.- Shadowgraph photographs.
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(e) &, =100 :
‘ oo ' Figure 3.- Continued. .
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Figure 3.- Continued.
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